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INTRODUCTION 37
The broadest spatial scale of ecology examines patterns of diversity based on the 38 geographic distributions of species (MacArthur 1972) . Geographic distributions of 39 species are important (i) to infer lower-level community-, population-, and physiological-40 based processes and (ii) as the ultimate comparison against which lower-level processes 41 are compared (Bowyer et al. 1997; Somero 2005; Siefert et al. 2013) . Indeed, there is a 42 preponderance of studies of species richness at broad geographic scales (Oberdoff et al. 43 1995; Rahbek & Graves 2001; Hawkins et al. 2003a; Rahbek et al. 2007 ) that have 44 facilitated our understanding of why species are found where they are, a central tenet 45 within the domain of ecology (Scheiner & Willig 2008) . Most commonly, species 46 distributions are compared with environmental variables, which are presumed 47 determinants of species distributions. Environmental variables are only one determinant 48 of species' distributions, however; the other determinant-species interactions-is a key, 49 understudied determinant of species ' distributions. 50 When species or guilds interact, we expect the geographic distributions of the 51 pairs to be correlated. For pairwise interaction types where a species or guild benefits 52 from another species or guild, we expect a positive relationship in distributions of 53 abundance and richness due to the increase in fitness where they overlap (Svenning et al. 54 2014) . This should be especially true in the case of mutualisms, where both sides of the 55 interaction share an increase in fitness from being together (Bronstein 2015) . In the case 56 of seed dispersal mutualisms, for example, the distribution of plants and the animals that 57 disperse their seeds should be similar. In terms of diversity, this further implies that the 58 richness of plant species should maintain an equal or similar richness of animal species 59 explained the distribution of seed dispersing mutualisms than the richness of either plant 105 or animal mutualists. 106 107
MATERIALS AND METHODS 108
Assignment of species to seed dispersing guilds 109
To determine how the distribution of vertebrate seed dispersers compares to the 110 plants that they disperse, we first assigned the birds and mammals of North America 111 (north of Mexico) to two seed dispersing guilds: frugivorous and scatter-hoarding seed 112 dispersers. Animals were considered frugivorous seed dispersers if they consume fruits 113 containing seeds as a significant portion of their diet, and the seeds remain viable after 114 being either regurgitated or passed through the digestive tract. Scatter-hoarding of seeds, 115 which frequently results in a mutualism with plants, is limited to the bird family Corvidae 116 and the mammal order Rodentia in North America (Vander Wall 1990) . A species was 117 considered a scatter-hoarder if seeds are a significant portion of its diet, it scatter-hoards 118 them in soil, and there is a reasonable expectation that some of those seeds germinate. 119
Hereafter, we use the terms frugivore and scatter-hoarder to mean species that are 120 mutualist seed dispersers. Full details of species assignment can be found in appendix 121 S1a. 122
123
Data acquisition and preparation 124
We prepared for our analyses by first creating comparable datasets. We had four 125 groups of data: animal mutualists, environmental variables, plant mutualists, and the 126 difference between animal and plant mutualists. The animal mutualists consisted of seven 127 subguilds: all animal mutualists, frugivorous, scatter-hoarding, frugivorous mammals, 128 frugivorous birds, scatter-hoarding rodents, and scatter-hoarding birds. Species data 129 consisted of a polygon of the geographic distribution involved in the type of mutualism. 130
Bird distribution data were obtained from BirdLife International and NatureServe 131 (Ridgley et al. 2007; BirdLife International and NaturServe 2014) . Mammal distribution 132 data were obtained from the International Union for Conservation of Nature Red List 133 (IUCN 2012 ). These polygons were overlaid, richness was summed, and the resulting file 134 was rasterized to generate animal mutualist species richness at each grid cell of a master 135 raster. 136
The environmental variables consisted of four datasets: mean actual 137 evapotranspiration (mm/yr; hereafter AET), elevation (m), mean precipitation (mm/year; 138 hereafter precipitation) and latitude (degrees). AET was obtained from the Global-AET 139
Database (Trabucco & Zomer 2010) , elevation was obtained from Natural Earth (2017), 140 and precipitation was obtained from Bioclim (Hijmans et al. 2005) . These environmental 141 variables were chosen because they have been found to be important predictors in 142 previous studies of species distributions (Pearson & Dawson 2003) . AET is a proxy for 143 terrestrial productivity (Mackey & Currie 2001) , and has been found to be associated 144 with bird and plant distributions (Karr 1976; Hawkins et al. 2003b; Kissling et al. 2009). 145 Precipitation is predicted to be important for scatter-hoarding behaviors, with the 146 behavior being more frequent in semi-arid and arid ecosystems rather than mesic ones 147 (Vander Wall & Jenkins 2011) . Lastly, we included elevation because there are large 148 elevational gradients in western North America and species richness generally decreases 149 with an increase in elevation (Rahbek 1995 across our geographic range of interest. Specifically, we used ordinary kriging to 162 interpolate values to our master raster using R library, automap (Hiemstra et al. 2009). 163 The difference between animal and plant mutualists were for the same seven modes listed 164 above. Because the means and variances were very different between animal and plant 165 mutualists, we calculated z-scores (eqn. 1) between them, and subtracted the z-score of 166 plant from animal mutualists at each point to create a value (Z diff ) used in data analysis 167 described below. 168
Where , is the mean richness, X obs is the richness at the specific point, and -(,) is the 170 standard deviation of the richness of either animal or plant mutualists. Further 171 explanation on how the rasters for the Z diff were created, including details of extent can 172 be found in Appendix S1b. 173
Data analysis 174
Data analysis was broken into three major categories: all seed dispersing 175 mutualists, frugivorous animals, and scatter-hoarding animals. Within each major 176 category, we had two general comparisons: (1) animal mutualists and plant mutualists 177 and (2) Z diff and environmental variables. Due to high heteroscedasticity in the plant 178 richness, data-weighted least squares regression models were created using the squared 179 residuals of area adjusted plant richness as weights. Despite richness being count data, a 180
Poisson distribution was not necessary because the data did not deviate from a normal 181 distribution. Spatial autocorrelation is a common occurrence in range map and atlas 182 survey data (Dormann et al. 2007) and was present in the environmental variables, but 183 none of the richness of either plants or animals. To adjust for spatial autocorrelation, 184 generalized least squares models (GLS) were built for each comparison using a Gaussian 185 spatial correlation. Data were transformed with a natural log when necessary. 186
We then conducted two types of Monte Carlo simulations to test the hypothesis 187 that there is no relationship between data within our groups of variables: a complete 188 randomization and a spatially-structured randomization. The complete randomization 189 permuted grid cells across the continent, which allowed us to test the hypothesis that 190 observations are random. The structured randomization statistically fit a spatial 191 autocorrelation model (variogram), and then generated a random field with the same 192 degree of spatial autocorrelation using the Random Fields package in R (Schlather et al. 193 2013 (Schlather et al. 193 , 2015 . Given that we know that geographic data are spatially autocorrelated, this 194 allowed us to test the hypothesis that, given our observed levels of spatial autocorrelation, 195 the observed data are random. We calculated Spearman's correlation coefficient, r, for 196 each of 1000 interactions for the complete and structured randomizations. We then 197 calculated the proportion of the complete or structured randomizations that were more 198 extreme than the observed correlation, r * as an estimated p-value, .. R code used to 199 conduct the analyses can be found at the following url: 200 https://github.com/dispersing/SpatialRandomizations. Every complete randomization 201 failed to detect a random distribution; thus, rendering the analysis uninformative. 202 (Supplementary Information S6-S9 shows the full results of the complete 203 randomizations.) Therefore, every Monte Carlo simulation reference henceforth is 204 specific to the spatially-structured tests. 205
Lastly, because so little is known about the factors contributing to seed-dispersal 206 mutualism distributions we performed classifications and regression trees (CART) after 207 our initial analysis to better understand the structure of the data and identify factors that 208 warrant future investigation. For this data exploration, we used R library, rpart (Therneau 209 et al. 2015) using the ANOVA method. All analysis was performed in program R (R 210 Development Core Team 2017). 211
212

RESULTS 213
Distribution of seed dispersing animals 214
We identified 183 animal species in North America that have a seed dispersing 215 mutualism with plants either via frugivory or scatter-hoarding. Seed dispersing animals 216 were most speciose in the southwestern portions of North America from the southern 217 portion of the Colorado Plateau desert region and further north, east of the Rocky 218
Mountains, to the southern Rocky Mountain-prairie border (Fig. 1 ). There was no 219 relationship between the richness of all mutualist animals and the plants they disperse; 220 instead richness of all animal mutualists decreases with an increase in latitude (F 1, 195 = 221 207, p < 0.001, Fig. 2) . Results from the regression models and the Monte Carlo 222 simulations can be found in Table 1 . The primary split in the CART model for all 223 mutualists was at ~50ºN latitude. At latitudes ≥ 50ºN, the richness of animal mutualists is 224 correlated with plant richness (F 1,15 = 25.27, p < 0.001), but not at latitudes < 50°N (F 1,177 225 = 2.47, p = 0.12). 226
A total of 88 animal species were determined to participate in a frugivorous seed-227 dispersal mutualism, 65 species of birds and 23 species of mammals (Table S2) . 228
Frugivore richness is highest in the southwestern portions of North America, specifically 229 in the Colorado Plateau semi-desert region, east to the Southwest plateau and dry steppe 230 region ( Fig. 1 ). Richness is relatively low in the Great Basin and Mojave deserts, with the 231 lowest richness in in the far north tundra; richness of frugivorous animals decreases with 232 increasing latitude (F 1,195 = 262.6, p < 0.001, Fig. 2 ). There is no relationship with 233 frugivorous animal richness and the richness of the plants they disperse (Table 1) . CART 234 models again showed a primary split at ~50ºN latitude, and when the data was divided at 235 that point, there were similar relationships between richness as we found for all 236 mutualists. At latitudes ≥ 50ºN, frugivore richness and the richness of the plants they 237 dispersed are correlated (F 1,15 = 18.88, p < 0.001). However, at latitudes < 50°N, this 238 relationship disappears (F 1,177 = 1.71, p = 0.19). Frugivorous bird and frugivorous 239 mammal richness are similarly correlated negatively with latitude but not correlated with 240 plant richness (Table 1) . 241
Lastly, we identified a total of 102 animal species as scatter-hoarders involved in 242 seed dispersal mutualisms; 10 species of birds and 92 species of rodents (Table S3 ). As 243 with frugivorous animals, scatter-hoarder richness is concentrated in the southwestern 244 North America. Scatter-hoarder richness is highest in Chihuahuan desert region, with 245 richness hotspots in the Great Basin and Mojave deserts. The Sonoran Desert has a 246 surprisingly low scatter-hoarder richness (Fig. 1 ). Richness is lower in eastern North 247
America with the lowest regions being in the Adirondacks and northern tundra. Richness 248 decreases with an increase in latitude (F 1,195 = 39.01, p < 0.001), but is not correlated with 249 plant richness (Table 1, Fig. 2 ). CART models do not show a ~50ºN latitude split (in fact, 250 latitude is not a primary split in the data at all), instead the primary split occurs at ~900 m 251 elevation. Further exploratory analysis of the data did not provide any relationships 252 between scatter-hoarder richness and the plants they disperse between the high-and low-253 elevation groups. Scatter-hoarding rodents are similarly negatively correlated with 254 latitude and are not correlated with plant richness. Conversely, scatter-hoarding birds are 255 not correlated with plant richness nor latitude (Table 1)  256 257
Seed dispersal mutualisms 258
There was a clear mismatch of richness between seed dispersers and the plants 259 that they disperse ( Fig. 1 ) with the highest richness of plants dispersed by animals being 260 in eastern North America, while the highest richness of animal dispersers being in 261 western North America. The divide is approximately 100ºW longitude for both guilds of 262 seed dispersers, and the two guilds combined. Indeed, in all CART models, longitude is 263 the second split in the data further suggesting its importance. 264
There was no relationship between the Z diff of all mutualists and precipitation, 265 AET, nor latitude (Table 2) However, there was a negative relationship with median 266 elevation ( Fig. 3 ) and the Z diff of all mutualists. As elevation increases, there was a larger 267 proportion of animal richness comparted to plant richness. Monte Carlo simulations 268 supported the observed relationship with elevation was different from random, and 269 supported our findings of no relationships between other variables ( Table 2 ). The sub-270 panels in Figure 3 show the results of the Monte Carlo simulations which were largely 271 consistent with our regression models. 272
There was no relationship between Z diff of frugivores and precipitation, AET, or 273 latitude; but there was with median elevation (Table 2, Fig. 3 ). Similarly, there were no 274 relationships between Z diff of frugivorous birds and precipitation, AET, latitude, median 275 elevation; nor between Z diff of frugivorous mammals and precipitation, AET, latitude, nor 276 median elevation (Table S4 ). Monte Carlo simulations largely supported our findings 277 again ( Fig. 3 , sub-panels) but suggested that our data was different from random for 278 elevation (r = -0.49, . = 0), suggesting that we observed fewer frugivorous animals at 279 higher elevations than plants dispersed by them. 280
The Z diff of scatter-hoarding animals was also not correlated with latitude (Table  281 2). However, there were relationships with AET, precipitation, and median elevation. As 282 AET or precipitation increases there are proportionately more plants dispersed by scatter-283 hoarders than scatter-hoarders ( Fig. 3 ). The proportion of scatter-hoarders increased 284 compared to the plants they disperse with an increase in median elevation (Fig. 3 ). The 285 Z diff of scatter-hoarding birds follows the same pattern as the whole guild. There was no 286 relationship between the Z diff of scatter-hoarding birds and latitude, but there were 287 relationships with precipitation, AET, and median elevation (Table S4 ). There was an 288 increase in the proportion of scatter-hoarders as AET decreased or elevation increased. 289
The Z diff of scatter-hoarding rodents also was correlated with precipitation, AET, median 290 elevation (Table S4 ). The proportion of scatter-hoarding rodents increased with a 291 decrease in precipitation, a decrease in AET, or an increase in elevations. The Z diff of 292 scatter-hoarding rodents was not correlated with latitude. Monte Carlo simulations again 293 largely corroborated our findings, with the only contradicting result involving 294 precipitation. Simulations suggest there was a relationship with precipitation for all 295 scatter-hoarders, with more scatter-hoarders being found in areas of less precipitation (r 296 = -0.04, . = 0.04, Fig. 3 sub-panels). 297
298
DISCUSSION 299
There was an apparent mismatch between the richness of seed dispersing animals 300 and the plants that they disperse across North America. We hypothesized that because of 301 the increased fitness between two species or guilds of mutualists that we would expect 302 positive relationships of species richness between both sides of the mutualism, depending 303 on the degree of co-dependency (i.e., facultative-to-obligate). Although we found positive 304 relationships between all subguilds of seed dispersing animals and seed-dispersed plants, 305 the richness of both plants and animals were better explained by environmental variables 306 than by the richness of each other. This result was surprising and suggests that diversity 307 of mutualistic partners do not necessarily beget diversity of one another. 308
Species richness of frugivores, scatter-hoarders, and all seed dispersing animals 309 combined decreased with an increase in latitude (Fig. 2) . This pattern matches the pattern 310 observed for the plants that they disperse (Vander Wall et al. submitted; Vander Wall & 311 Moore 2016). The increase of species richness with decreasing latitude was not a 312 surprising result as the generality of the latitudinal diversity gradient has been found to be 313 robust (Hillebrand & Thomas 2004) . However, when hoarding birds are considered 314 alone, they did not show a significant latitudinal gradient (F 1,194 = 3.08, p = 0.08). This 315 result was likely because the data are limited to one small, generalist family of birds 316 (Corvidae) that have their center of diversity in the north temperate zone. 317
As with previous studies (Karr 1976; Hawkins et al. 2003b; Kissling et al. 2009), 318 animal species richness was correlated with environmental variables (data not shown). 319 Surprisingly, the difference in relative abundance of animals and plants in seed dispersal 320 mutualisms was not strongly correlated with environmental variables. One exception was 321 that the proportion of plants dispersed by scatter-hoarding animals increased with AET 322 ( Fig. 5 ), a variable often found important for predicting species richness at large scales. 323
Seed disperser mutualisms appear to be more frequent (i.e., more plants dependent on 324 scatter-hoarders) in more productive environments. Our Monte Carlo simulations also 325 suggested that scatter-hoarding mutualism should be correlated with precipitation (which 326 is correlated with AET) and we found that richness of scatter-hoarding rodents was 327 correlated with precipitation. These results are congruent with the predictions made by 328
Vander Wall & Jenkins (2011) on why western species of chipmunks (Tamias) have 329 adapted scatter-hoarding in arid and semi-arid western North America, but not in the 330 mesic eastern North America. However, the proportion of scatter-hoarders was positively 331 correlated with median elevation (Fig. 3) and does not follow the global pattern; a 332 decrease in richness with an increase in elevation (Rahbek 1995) . Richness is believed to 333 decrease at higher elevations partially due to a decrease in productivity, smaller land area, 334 and harsher climates leading to higher extinction and lower dispersal due to greater 335 distances between suitable habitat (Rahbek 1995; Rowe 2009; Wu et al. 2013 ). The 336 relationship with elevation may be due to the fact that in southwestern North America, 337
where the majority of seed-disperser richness was found, net productivity actually 338 increases with elevation into the montane forests before decreasing again above tree line 339 (Whittaker & Niering 1975) The strength of coevolution between individual plant and vertebrate disperser 352 species has been suggested to be diffuse (Thompson 1982; Wheelwright & Orians 1982; 353 Herrera 1985) . In particular seed dispersal communities of plant and animal species have 354 found that species interactions are often asymmetrical, variable in time and space, and 355 non-obligate (Janzen 1980; Wheelwright 1988; Bascompte & Jordano 2007) . This is 356 particularly driven by generalists animal species, which interact with multiple plant 357 species causing high complementarity and trait convergence (Guimaraes Jr. et al., 2011). 358 Most, if not all, of the animal species in North America that we considered seed disperser 359 mutualists would fall under this definition of generalists as they have wide diet breadths. 360
The plants dispersed by animals in North America are also generalists as fruits and seeds 361 have evolved to attract a variety of dispersers and not any one species in particular. 362
Diffuse interactions inhibit strong directional coevolution and lead to the diffuse patterns 363 we witness. 364
The current distribution of plants and animals in North America has changed over 365 the last 18,000 years (Ray & Adams 2001). The last glacial maximum dramatically 366 altered species distributions across North America, and it may be that there has not been 367 enough time since the last glacial maximum for coevolutionary selection pressures to 368 form or be strong enough to be detected at coarse spatial scales. It is also probable that 369 animals have migrated faster than the plants they disperse because of the diffuse 370 relationship between animals and plants, in addition to the short period since the last 371 glacial maximum. Davis et al. (1986) and Woods & Davis (1989) have shown that some 372 animal-dispersed plants have not reached their potential distributions since the last glacial 373 maximum, despite their dispersers being common across the plant's potential geographic 374 range. 375
Two major limitations of the study were (i) the assumption that abundance is 376 uniform across a species range and (ii) a mismatch of scale between occurrence and 377 environmental data. First, assumptions of studies using species range data are that the 378 abundance of a species is uniform across its range, that all species have equal 379 abundances, and that abundances are high enough throughout the range for the species to 380 be an effective part of the community. This latter point, in this case, means that each 381 species is an effective disperser of plants wherever it occurs. These assumptions are 382 rarely met (Hurlbert & Jetz 2007) , but occurrence maps are typically the only data on 383 species occurrence available at large spatial scales, and if maps are constructed in a 384 similar way, they can provide insights into the richness of species in a region (Rocchini et 385 al. 2011). 386 Secondly, Hurlbert & Jetz (2007) also suggested that a mismatch of scale between 387 occurrence data and environmental variables can lead to erroneous results. Instances of 388 mismatch often occur when species occurrence data (generally course resolution) is 389 overlaid onto climatic variables (generally finer resolution). We believe the concerns of 390 mismatch are minimal for this study as the overarching aim was to identify the 391 distribution of animals in comparison to the plants that they disperse. Analyses with 392 climatic variables were chosen based on previous findings and hypotheses and the data 393 were taken at the coarsest scale available to match occurrence data as best as possible. As 394 with similar studies, the purpose of these analyses is to identify broad patterns of 395 distribution with the goal of providing focal points for finer scale studies and not to 396 suggest detailed patterns. 397
This study is the first to compare the collective distribution of animals involved in 398 seed dispersal mutualisms to the distribution of the plants they disperse. The distribution 399 of plants nor animals accounts for the distribution of either group. In fact, there is an 400 apparent mismatch of richness between plants and the animals that disperse their seeds 401 (Figs. 1, 2) . As with animal-dispersed plants (Vander Wall & Moore 2016) 402 environmental variables, particularly latitude, better describes the richness distribution of 403 animal mutualists. In the case of seed dispersal mutualisms, median elevation was 404 correlated with all mutualists and scatter-hoarding, additionally, scatter-hoarding was 405 correlated with AET suggesting that environmental factors, such as productivity may play 406 a key role in the distribution of the mutualism. Further work is sorely needed to better 407 understand the effect of climate on distributions of seed dispersing animals. However, 408 with this data of seed dispersing animal distributions, we can now identify locations that 409 warrant further study either to understand better seed-dispersal mutualisms or the factors 410 that influence the distribution of the plants and animals involved in these mutualisms. 411
The biggest challenge to further understanding many of these observed patterns has been 412 the lack of appropriate data (Hawkins & Pausas 2004) , and we hope this study will serve 413 as a stepping stone to further discoveries. 414 415 Acknowledgements 416
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a) Full description of species assignment to seed-dispersing guilds
To determine how the distribution of vertebrate seed dispersers compares to the plants that they disperse, we first assigned the birds and mammals of North America (north of Mexico)
to two seed-dispersing guilds: frugivorous and scatter-hoarding seed dispersers. Animals were considered frugivorous seed dispersers if they consume fruits containing seeds as a significant portion of their diet, and the seeds remain viable after being either regurgitated or passed through the digestive tract. We excluded animals that eat lots of fleshy fruit but that do not disperse seeds, like the northern cardinals (Cardinalis cardinalis) and ruffed grouse (Bonasa umbellus), which eat fruit, but possess gizzards that destroy seeds by grinding them up. Additionally, animals that disperse seeds but do so infrequently (e.g. most members of the family Vireonidae), were excluded, as they are unlikely to influence plant-disperser coevolution in a significant way.
Scatter-hoarding of seeds, which frequently results in a mutualism with plants, is limited to the bird family Corvidae and the mammal order Rodentia in North America (Vander Wall 1990) . A species was considered a scatter-hoarder if seeds are a significant portion of its diet, it scatterhoards them in soil, and there is a reasonable expectation that some of those seeds germinate.
Animals were identified to be frugivorous or scatter-hoarders through a combination of personal knowledge and the literature. For species that we suspected of being seed dispersers, we consulted the literature. This included Bird species accounts (American Ornithologist Union), Bent's Life History of Birds series (Bent, 1919 (Bent, -1968 , and Mammalian species accounts (American Society of Mammalogists). In some cases we surveyed the primary literature. If no source provided evidence for frugivory or scatter-hoarding of seeds, we excluded the species from the list. The taxonomy of all species is based on current species lists published for birds and mammals of North America (American Ornithologists ' Union 1998; Wilson & Reeder 2005) .
Our list of seed-dispersing vertebrates is intended to be comprehensive but the inclusion or exclusion of certain species is debatable. But we maintain that the inclusion or exclusion of a few species is unlikely to change our results in any meaningful way.
b) Raster Creation
All of the rasters were then masked to our geographic range of interest ( For initial data analysis, we extracted the animal mutualist richness from the 197 sites used in Vander Wall & Moore (2016). To obtain richness, we used the extract function from the R library, Raster (Hijmans 2014) . This function works by extracting specified data from a raster at given points. The latitude and longitude of the center (mean latitude and longitude) of each site was used as x, y coordinates for data extraction. The center of each site was deemed acceptable because the range maps of the included animals are not detailed enough to show significant differences within a given study site. Furthermore, we reviewed the species list for both frugivorous and scatter-hoarding animals at each site to eliminate species that were supposedly present according to their range maps but were unlikely actually present due to elevational or ecological limitations. 
SUPPLEMENTARY INFORMATION-SPATIAL RANDOMIZATIONS
I ncluded in this document are the results from the complete (S6-9) and structured (S10-13) spatial randomizations. The methods are described in Materials and Methods, §Data Analysis of the paper, and the code to recreate the analysis and figures can be found at https://github.com/dispersing/SpatialRandomizations. Figure S5 shows an example of an observed pattern (column 1) and 10 complete randomizations (rows 1 and 2) and 10 structured randomizations (rows 3 and 4). Figures S6-9 show the results for the complete randomizations of the correlations between animal and environmental variables (S5), the animal and plant variables (S7), the difference in richness and environmental variables (S8), and the plant and environmental variables (S9). Figures S10-13 show the results for the structured randomizations of the correlations between animal and environmental variables (S10), the animal and plant variables (S11), the difference in richness and environmental variables (S12), and the plant and environmental variables (S13 S5 . An example of an observed pattern (column 1, "Original data") and 10 complete randomizations (rows 1 and 2) and 10 structured randomizations (rows 3 and 4). This example is to visually demonstrate to the reader the difference between the two tests. The latter preserves the spatial autocorrealtive structure and is therefore a more rigorous statistical test. Figure S6 . Results for the complete randomizations of the correlations between animal and environmental variables. Every randomization in each comparison had an observed value more extreme than all of randomizations, meaning all had an estimated p-value, ! = 0. Figure S10 . Results for the structured randomizations of the correlations between animal and environmental variables. Within each panel, the distribution represents the randomized Spearman's correlation coefficient, "; vertical black lines represent the observed Spearman's correlation coefficient, " * ; shaded areas represent parts of the distribution that were more extreme than " * ; the ! is the randomizations ≥ " * ; and if ≤ 5% of the randomizations were more extreme than " * then we interpret that as statistically significant and color the statistical font red rather than black. Spearman's correlation coefficient, ρ
